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Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum.
Introduction
The High Plains aquifer underlies about 112 million acres [about 175,000 square miles (mi 2 )] in parts of eight StatesColorado, Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming (Qi, 2010; Weeks and Gutentag, 1981) . Groundwater in the High Plains aquifer generally is under unconfined conditions; that is, the aquifer, from a regional perspective, has a water table where, by definition, the water pressure is atmospheric (Weeks and Gutentag, 1981) . The saturated thickness of the aquifer (defined as the distance from the water table to the base of the aquifer) in 2000 ranged from less than 50 feet (ft) to about 1,200 ft (McGuire and others, 2003) . Gutentag and others (1984) reported that, in a few parts of the aquifer, the water table is discontinuous; these areas are labeled as "areas of little or no saturated thickness." According to Gutentag and others (1984) , wells drilled in these areas of little or no saturated thickness likely will not yield water unless the well penetrates saturated sediment in either buried channels or depressions in the bedrock.
The area overlying the High Plains aquifer is one of the primary agricultural regions of the Nation. In parts of the area, farmers and ranchers began extensive pumping of groundwater for irrigation in the 1930s and 1940s. Estimated irrigated acreage in the area overlying the High Plains aquifer increased from 1940 to 1980, but did not change substantially from 1980 to 2005-2.1 million acres in 1949, 13.7 million acres in 1980, 13.9 million acres in 1997, 12.7 million acres in 2002, and 15.5 million acres in 2005 (Heimes and Luckey, 1982; Thelin and Heimes, 1987 ; U.S. Department of Agriculture, 1999 and 2004; Kenny and others, 2009 ). In 2005, irrigated acres overlaid 14 percent of the aquifer area, not including the areas with little or no saturated thickness (Kenny and others, 2009) .
About every 5 years, groundwater withdrawals for irrigation and other uses are compiled from water-use data and reported by the U.S. Geological Survey (USGS) and State agencies. Groundwater withdrawals from the High Plains aquifer for irrigation increased from 4 to 19 million acre-feet (acre-ft) from 1949 to 1974; groundwater withdrawals for irrigation in 1980, 1985, 1990 , and 1995 were 4 to 18 percent less than withdrawals for irrigation in 1974 (Heimes and Luckey, 1982; U.S. Geological Survey, 2008) . Groundwater withdrawals from the High Plains aquifer for irrigation were 21 million acre-ft in 2000 and 19 million acre-ft in 2005 (Maupin and Barber, 2005; U.S. Geological Survey, 2008; Kenny and others, 2009 ).
Water-level declines began in parts of the High Plains aquifer soon after the onset of substantial pumpage of groundwater for irrigation -about 1950 (Gutentag and others, 1984) . By 1980, water levels in the High Plains aquifer in parts of Texas, Oklahoma, and southwestern Kansas had declined more than 100 ft (Luckey and others, 1981) . Long-term water-level changes in the aquifer result from an imbalance between discharge and recharge. Discharge from the High Plains aquifer primarily consists of groundwater withdrawals for irrigation, but also includes groundwater withdrawals for public supply and other uses, evapotranspiration where the water table is near land surface, and seepage to streams, springs, and other surface-water bodies where the water table intersects the land surface (Maupin and Barber, 2005) . Recharge to the aquifer primarily is from precipitation, with other sources of recharge including seepage from streams, canals, and reservoirs, and irrigation return flows (Luckey and Becker, 1999) . Water-level declines may result in increased costs for groundwater withdrawals because of increased pumping lift and decreased well yields (Taylor and Alley, 2001 ). Water-level declines also can affect groundwater availability for well owners, stream flows, and near-stream (riparian) habitat areas (Alley and others, 1999) .
The purpose of this report is to present the saturated thickness and volume of drainable water in storage in the High Plains aquifer in 2009; water-level changes in the High Plains aquifer from 1980 to 1995, 1995 to 2000, 2000 to 2005, and 2005 to 2009 ; and changes in the volume of drainable water in storage in the aquifer from 1980 to 1995, 1995 to 2000, 2000 to 2005, and 2005 to 2009 . Water-volume data were generated as raster files with a cell size of about 62 acres, to allow for overlaying those data with other data at the farm-field scale, given that the accuracy of the interpolations are dependent on the density of water-level data. In addition, the interpolation process used to generate the raster file in this report result in cell values that are generally similar to, but commonly not exactly equal to, values based on water-level measurements.
Water levels used in this report generally were measured in wells in winter or early spring. During that period, irrigation wells typically are not pumping, and water levels generally have recovered from pumping during the previous irrigation season. Water levels were not used in this report if water levels appeared to be affected by pumping in the measured well or in nearby wells. Drainable water in storage is the fraction of water in the aquifer that will drain by gravity and can be withdrawn by wells. Drainable water in storage is referred to as "water in storage" in this report. Remaining water in the aquifer is held to the aquifer material by capillary forces and generally cannot be withdrawn by wells.
Methods

Characteristics of Raster Files
The water-volume data for this report are presented as raster files, which were generated using a geographic information system (GIS). The specific GIS program used was ESRI® Arc/Info™ version 9.3 (Environmental Systems Research Institute, 1992 and variously dated). The raster files are in Albers equal-area conic projection with a North American Datum of 1983 (NAD 83). The cell size for all raster files was about 62 acres [500 meters (m) by 500 m]. The cell-value unit for water-level change was feet. The cell-value unit for change in water in storage was square meter-feet (m 2 -ft); water in storage values were summarized in this report in units of million acre-ft. The cell-value unit for specific yield was a dimensionless decimal fraction (less than 1). Raster files in this report are saturated thickness, 2009; specific yield; and water-level changes from 1980 to 1995, 1995 to 2000, 2000 to 2005, and 2005 to 2009. 
Process to Compile Water-Level Data
Water-level data used in this report generally were measured with an electric or steel tape using methods similar to those described by Cunningham and Schalk (2011) . Most of the wells were measured manually one to two times per water year. The water year starts in October in the prior year and ends in September in the given year. Generally, if a well was measured one time per water year, the well was measured in the winter or early spring, or, if a well was measured two times per water year, the well was measured in winter or early spring and in the late fall. Some wells were measured nearly continuously by using instrumentation (data recorders with sensors or floats) installed in the well that recorded the water level periodically (generally every 15 to 60 minutes) (Cunningham and Schalk, 2011) . Water-level data used to map water-level changes were compiled for each of the specified water years (1980, 1995, 2000, 2005, and 2009 ) from data used in previous reports on water-level changes in the High Plains aquifer (U.S. Geological Survey, 2012). Available water-level data for each well were reviewed to select a static water level for each applicable water year (that is, a water level that has recovered from pumping in the previous irrigation season) and a water level that is consistent with water levels in neighboring wells. If a static water level was not available for a given well for the specified water year, the water-level data for that well for the specified water year were not used in this report.
In all eight States underlain by the High Plains aquifer, available water levels for 1980 were compiled by Weeks and Gutentag (1981) . The 1980 water levels generally were measured after the irrigation season in 1979 and before the irrigation season in 1980 (that is, in water year 1980).
In seven of the eight States that are underlain by the High Plains aquifer-Colorado, Kansas, Nebraska, Oklahoma, South Dakota, Texas, and Wyoming-most water-level data used in this report were from wells measured annually. The estimated 2009 saturated thickness of the High Plains aquifer in these seven States was calculated using water levels measured in water year 2009. Water-level changes for the various water-level comparison periods (1980 to 1995, 1995 to 2000, 2000 to 2005, and 2005 to 2009) in these seven States were calculated from wells with a static water level for water years at the beginning and end of each period.
In areas underlain by the High Plains aquifer in New Mexico, some wells were measured only once every 5 years. In this report, to expand the number of wells in New Mexico for a specified year, the latest static water level measured in the specified year, and in other years, was used to estimate the water level for that well for the specified year. (1980 to 1995, 1995 to 2000, 2000 to 2005, and 2005 to 2009 ) was calculated for wells with an estimated static water level at the beginning and end of each period.
Process to Generate Raster File of the Aquifer Base
Contours of the altitude of the base of the aquifer used for a saturated thickness map for the year 2000 (McGuire and others, 2003) were based on available base-of-aquifer maps (Weeks and Gutentag, 1981; Borman and Meredith, 1983; Borman and others, 1984; Hart and McAda, 1985; Juracek and Hansen, 1995; Luckey and Becker, 1999; Houston and others, 2003) . The base-of-aquifer contours from those published maps were reviewed and reconciled in areas where they differed. The base-of-aquifer contours were converted to a raster file using the GIS command "topogrid" (Environmental Systems Research Institute, 1992 and variously dated).
Process to Generate Raster File of Saturated Thickness, 2009
Saturated thickness in 2009 was mapped using calculated saturated thickness for each well with a measured or estimated water level for 2009. Before calculating the saturated thickness for each well with a static water level in 2009, (1) the altitude of the aquifer base was estimated using the GIS command "latticespot" (Environmental Systems Research Institute, 1992 and variously dated) and the raster file of the aquifer base, and (2) the altitude of the water table in 2009 was calculated by subtracting depth to water from land surface from the landsurface elevation (U.S. Geological Survey, 2011). Saturated thickness then was calculated by subtracting the altitude of the aquifer base from the altitude of the water table in 2009. In areas with minimal water-level data and irrigation, such as in northwestern Wyoming, previously published contours of saturated thickness were assumed to represent current (2009) conditions (Weeks and Gutentag, 1981; Qi and others, 2002) . The saturated thickness raster file was generated using the GIS command "topogrid" (Environmental Systems Research Institute, 1992 and variously dated); inputs to the "topogrid" command were the saturated thickness values for each well and previously published contours of saturated thickness. The resultant raster file was examined in areas with minimal waterlevel data and irrigation using the GIS command "con;" if the cell value was greater than or less than the range of the corresponding saturated thickness contours in previously published maps, the cell value was changed to the mid-range of the corresponding saturated thickness contours of those maps.
Process to Generate Raster File of Specific Yield
Specific yield of the aquifer is needed to calculate water in storage. Specific yield was mapped for the High Plains aquifer from area-weighted, average specific yields derived from lithologic logs for selected wells or test holes generally drilled to the base of the aquifer (Gutentag and others, 1984) . A specific yield raster file was created from a contour map of specific yield ranges in the High Plains aquifer (Gutentag and others, 1984; Cederstrand and Becker, 1998) . The GIS command "polygrid" (Environmental Systems Research Institute, 1992 and variously dated) was used to convert the average of the assigned range for the specific yield polygons to a raster file of the area. The specific yield value of cells in this raster file of specific yield is hereafter referred to as the averagemapped specific yield value.
Process to Calculate Water in Storage, 2009
Water in storage in the High Plains aquifer in 2009 was calculated for each cell by multiplying the raster value of saturated thickness for 2009, times the raster value of averagemapped specific yield, times a conversion factor to convert m 2 -ft to million acre-ft. Summaries of water in storage by State and by county were calculated by aggregating the raster values for water in storage, 2009, for the aquifer area, not including the areas of "little or no saturated thickness" as delineated by Gutentag and others (1984) . The raster file of water-level changes in the High Plains aquifer from 1980 to 1995 was generated using the following approach:
Process to Generate
1. Water-level data for all wells with static water-level data for 1980 and 1995 were compiled.
2. An attribute, labeled "FSA_delta80_95," was calculated as water level, 1980, minus water level, 1995, for each well and added to the point data set of water-level change, 1980 to 1995.
3. An attribute, labeled "beginval," was added to the published contours of water-level change, 1980 to 1995 (McGuire and Sharpe, 1997); "beginval" was populated with the beginning range value of the contour. For example, for contours of a 5 ft to 10 ft rise, "beginval" was set to 5 ft; for contours of a -5 ft to -10 ft decline, "beginval" was set to -5 ft.
4. The GIS command "topogrid" (Environmental Systems Research Institute, 1992 and variously dated) was used to generate an initial raster file of water-level change. Inputs included the point data set of water-level change for 1980 to 1995 (attribute "FSA_delta80_95") and modified contours of water-level change, 1980 to 1995 (attribute "beginval").
The GIS command "contour" (Environmental Systems
Research Institute, 1992 and variously dated) was applied to the initial raster output from topogrid to generate the water-level change contours (attribute "contour") for the -3 ft and 3 ft contours of water-level change, 1980 to 1995. In areas with little water-level data, contours from McGuire and Sharpe (1997) and the -3 ft and 3 ft contours were modified manually to make the interpolation more realistic. Contours were built as polygons and the polygon attribute "startval" was set equal to one for polygons formed by the -3 ft and 3 ft contours and set to zero for all other polygons. The polygons formed by the -3 ft and 3 ft contours delineate areas of no substantial water-level change on the map. The GIS command "polygrid" was used to generate a raster file of no substantial change using the polygon attribute "startval."
6. The GIS command "topogrid" (Environmental Systems Research Institute, 1992 and variously dated) was used to generate a raster file of water-level changes, 1980 to 1995. Inputs to the topogrid process included a point data set of water-level change for 1980 to 1995 (attribute "FSA_delta80_95") and the modified contours of waterlevel change, 1980 to 1995 (attribute "contour") . This raster file was modified using the GIS function "con" to change the cell values to null in areas where the aquifer is not present (Gutentag and others, 1984) and to change the cell value to zero in areas of no substantial change. This modified raster file was used to show water-level changes from 1980 to 1995 in this report.
7. The final raster file from step 6 was further modified using the GIS function "con" to change the cell values to null in the areas of little or no saturated thickness as described by Gutentag and others (1984) . This modified raster file was used for statistical analysis and to calculate summary tables in this report.
The raster files of water-level change in the High Plains aquifer for 1995 to 2000, 2000 to 2005, and 2005 to 2009 were calculated using a similar approach as previously described; however, because contours for water-level change were not available for the entire High Plains aquifer for these selected time periods, contours of water-level change were generated from water-level-change data using the GIS command "topogrid" ( 
Water-Level Data
Water-level data used in this report were provided by the following Federal, State, and local entities through data files, and loaded into the U.S. Geological Survey National Water Information System (U.S. Geological Survey, 2011); the sources for the water-level data are noted below:
• Colorado: Division of Water Resources (also known as the Office of the State Engineer); To estimate water-level changes in the applicable waterlevel comparison periods, water-level data were compiled for 1980, 1995, 2000, 2005, and 2009 . The 1980 water levels generally were measured in water year 1980 (Weeks and Gutentag, 1981) 
Saturated Thickness and Water in Storage, 2009
The volume Fault line-U, upthrown side 0 to 50 50 to 100 100 to 200 200 to 300 300 to 400 400 to 500 500 to 600 600 to 700 700 to 800 800 to 900 900 to 1,000 1,000 to 1,100 1980, 1995, 2000, 2005, and 2009 , by water year.
[All wells have a static water level in winter or spring of the specified year; water year, October of the prior year through September of the given year; - 1 Aquifer boundary from Qi (2010) , which is a modification of the Weeks and Gutentag (1981) boundary.
2 As described by Gutentag and others (1984) .
by multiplying the volume of saturated material in the aquifer by average-mapped specific yield (fig. 2; Gutentag and others, 1984; Cederstrand and Becker, 1998) .
The specific yield of the High Plains aquifer was estimated using drillers' and geologists' descriptive logs of rocks and sediment comprising the aquifer matrix from wells and test holes generally drilled to the base of the aquifer (Gutentag and others, 1984 ). An area-weighted, average specific yield was calculated for each well or test hole, and specific yield was mapped for defined areas of the aquifer, for example, 0-5 percent, 5-10 percent, and so forth. Specific yield of the High Plains aquifer ranges from near zero to about 30 percent; the average of the mapped specific yield ranges from 2.5 to 27.5 percent ( fig. 2) . Average area-weighted specific yield, using average-mapped specific yield and not including areas of little or no saturated thickness, by State, ranges from 8.1 percent in Wyoming to 18.5 percent in Oklahoma and is 15.1 percent for the aquifer (table 4) .
The volume of water in storage in the High Plains aquifer was estimated at about 3.2 billion acre-ft in 1980 (Gutentag and others, 1984) 3.0 billion acre-ft (table 5) . Different methods were used to calculate water in storage for , 2000 in previous reports (Gutentag and others, 1984 McGuire and others, 2003; 1 percent) of the aquifer. In this report, water in storage for 2009 was calculated using a raster file of saturated thickness for 2009, and a raster file of average-mapped specific yield that was generated from a contour map of specific yield ranges (Gutentag and others, 1984; Cederstrand and Becker, 1998) .
The volume of water in storage in 2009 by State, as calculated in this report, ranges from about 30 million acre-ft in New Mexico to 2,040 million acre-ft in Nebraska (table 5) . The volume of water in storage in 2009 by county is listed in appendix 1. The volume of water in storage by county ranges from near zero in several counties underlain by the aquifer to 287 million acre-ft in Cherry County, Nebraska. (Thiessen, 1911) and the average area-weighted specific yield for the aquifer (15.1 percent) in their calculation. In this report, changes in water in storage were calculated using a raster file of water-level changes and a raster file of average-mapped specific yield generated from a contour map of specific yield ranges (Gutentag and others, 1984; Cederstrand and Becker, 1998) . Fischer, 1999a and 1999b; was calculated using Thiessen polygons (Thiessen, 1911) ; in this report, an interpolated raster file of water-level changes was used in the calculation.
Water-Level Changes and Changes in
Previously reported change in water in storage for the High Plains aquifer from 1995 to 2000 was a decline of 17.6 million acre-ft . The change in water in storage for the High Plains aquifer from 1995 to 2000 calculated in this report was a decline of 23.5 million acre-ft (table 7) . The difference in these values (5.9 million acre-ft or about 33 percent more depletion in this report) is caused by a difference in calculation methods. Previously reported changes in water in storage from 1995 to 2000 were calculated using Thiessen polygons (Thiessen, 1911) and average area-weighted specific yield for the aquifer (15.1 percent). In this report, changes in water in storage were calculated using a raster file of water-level changes and a raster file of average-mapped specific yield generated from a contour map of specific yield ranges (Gutentag and others, 1984; Cederstrand and Becker, 1998) . to 2005 were calculated using Thiessen polygons (Thiessen, 1911) and the average area-weighted specific yield for the aquifer (15.1 percent). In this report, changes in water in storage were calculated using a raster file of water-level changes and a raster file of average-mapped specific yield generated from a contour map of specific yield ranges (Gutentag and others, 1984; Cederstrand and Becker, 1998) . (table 7) . The difference in these values (2.1 million acre-ft or about 10 percent less depletion in this report) was caused by differences in calculation methods. The previously reported changes in water in storage from 2005 to 2009 were calculated using Thiessen polygons (Thiessen, 1911) and the aquifer average area-weighted specific yield (15.1 percent). In this report, changes in water in storage were calculated by using a raster file of water-level changes and a raster file of average-mapped specific yield generated from a contour map of specific yield ranges (Gutentag and others, 1984; Cederstrand and Becker, 1998) . Gutentag, E.D., Heimes, F.J., Krothe, N.C., Luckey, R.R., and Weeks, J.B., 1984 
Water-Level Changes and Changes in Water in
